Abstract. Knowledge of the angular distribution of an electron beam at the applicator face is a necessary parameter in defining a beam when the Hogstrom pencil beam method of dose calculation is used. The angular spread can be found experimentally using penumbra widths measured at various distances from the applicator face. Using knowledge of the geometry and composition of the scattering foils of the linear accelerator, the angular standard deviation was calculated theoretically using Fermi-Eyges theory. The obtained angular spread values agree with experimentally derived values to within experimental error for electron energies from 6 to 21 MeV. The Fermi-Eyges calculation is fast, and can be used as a quick check to validate experimental angular spread values.
Introduction
The standard deviation of the electron angular distribution is a necessary parameter when the Hogstrom pencil beam method (Hogstrom et al 1981 , Hogstrom 1985 of dose calculation is used. The angular distribution at the applicator plane is used to predict the spatial spread of electrons at the patient surface.
The electron angular spread is brought about mainly by multiple scattering in the electron scattering foils and air in the treatment head. For the purposes of this article, the angular spread is assumed to be of Gaussian shape, and radially symmetric about a mean direction. The angular distribution at a point x, y, z is characterized by a mean angle from the beam central axis (z axis), projected onto the x-z plane,✓
x (x, z), and a standard deviation of projected angles, ✓ x (z). In the Fermi-Eyges theory (Eyges 1948) , ✓ x is independent of the lateral position x, and✓ x is proportional to x. Of these two parameters, only ✓ x is required as input to the Hogstrom pencil beam model. The aim of this paper was to establish whether Fermi-Eyges theory could be used to accurately determine the electron beam parameter 
Theory
Eyges' solution to Fermi's transport equation (Eyges 1948) moments, A 0 , A 1 and A 2 (evaluated using the method of Hogstrom et al 1981) , can be calculated recursively using the value of the scattering moments at the end of the previous layer, and the scattering power of the current layer (Hogstrom 1985) .
The x component of the angular standard deviation about the mean angle at (x, z) is found by the equation
(1)
Materials and method

Machine characteristics modelled
The composition and thickness of the foils and air gaps used are those of the Siemens KD-2 linear accelerator. The geometry of the KD-2 dual scattering foils is shown in figure 1 . The geometry and composition of these foils were obtained from Siemens Medical Laboratories. The second foil is of a three-tiered circular pyramid shape; however a slab equal to the thickness of the second tier was assumed in the calculations. Varying the thickness of the second foil between that of the first tier and that of the third tier affected the calculated angular standard deviation by less than 2%. This indicates that the angular standard deviation at the applicator face is mainly determined by the air column in the treatment head (as shown in figure 3 ). Foil thickness is however expected to be the major determining factor in the lateral standard deviation. 
Fermi-Eyges calculations
The Fermi-Eyges equations were incorporated into a program which transports electrons through the first scattering foil, the air gap between the foils, the second scattering foil and a second air column. The angular standard deviation was determined using equation (1).
No account was taken of electron interactions with the applicator components, or of the energy loss of the electrons as they traverse the foils and air gaps. The scattering power used in the Fermi-Eyges calculation was evaluated using the equations given in ICRU Report 35 (1984) proposed by Rossi (1952) and Brahme (1971) . The value for the kinetic energy of the mono-energetic electrons used in these equations was given by the most probable energy of the electron beam at the patient surface, E p,0 , calculated from experimental broad-beam depth-dose curves in accordance with the AAPM Task Group 25 Report (Khan et al 1991) , using the relationship E p,0 = 0.722 + 1.919R p (Hogstrom 1995) , where R p is the practical range of the electron beam.
Experimental procedure
The angular standard deviation at the applicator face was found experimentally using penumbra widths measured at different distances from the applicator face (Hogstrom et al 1981) . 
Results and discussion
The change in angular spread through the foils and air gap
The electron angular standard deviation,
, and the standard deviation due to the foils alone (assuming the air has negligible density) and the air alone (assuming the foils have negligible density), are plotted as a function of distance from the first foil in figure 2 .
The Fermi-Eyges theory results of figure 2 show that the angular standard deviation increases rapidly in the foils because of the rapid increase in A 0 in equation (1) due to the high scattering power of the foils. Beyond the foils A 0 increases less rapidly than A 2 1 /A 2 , so the standard deviation decreases (A 0 is constant for foil scattering alone after the foils). It can be seen that scattering occurring in the air contributes an increasing amount to the total angular standard deviation. Between the foils the standard deviation is small as the electrons at a point are almost monodirectional (have a mean angle about which there is only a small spread). It is interesting that the angular standard deviation at the depth of the applicator face is mainly due to scattering which occurs in the air column, rather than the foils.
The angular spread at the applicator face
The experimentally and theoretically obtained angular standard deviation values for each electron energy of the Siemens KD-2 linear accelerator are shown in figure 3 . The FermiEyges theory and experimental ✓ x values agree to within experimental error over the electron energy range of the KD-2. Also shown for comparison are the experimental results for the Siemens KD and Siemens MD linear accelerators (Hogstrom 1995) .
Conclusion
A required electron pencil beam dose calculation parameter, the angular standard deviation, was calculated theoretically by application of Fermi-Eyges multiple-scattering calculations. The results obtained agree closely with experimental data for all the energies investigated. As the Fermi-Eyges calculation is very easy to implement, this technique can be used as a quick check to validate experimental data. The data required for the Fermi-Eyges calculation are the foil material and thickness for each energy, the most probable energy of the beam, the foil positions with respect to the nominal source position and the position of the applicator face. Treatment planning systems requiring measured penumbral width data for use in configuring a pencil beam algorithm could include a Fermi-Eyges calculation of the angular standard deviation, with the above parameters as input, as a validation of experimental measurements.
